A quantitative description of the dynamics of droplet motion has been a long-standing concern in electrowetting research. Although many static and dynamic models focusing on droplet motion induced by electrowetting-on-dielectric (EWOD) already exist, some dynamic features do not fit these models well, especially the dynamic saturation phenomenon. In this paper, a dynamic saturation model of droplet motion on the single-plate EWOD device is presented. The phenomenon that droplet velocity is limited by a dynamic saturation effect is precisely predicted. Based on this model, the relationship between droplet motion and device physics is extensively discussed. The static saturation phenomenon is treated with a double-layer capacitance electric model, and it is demonstrated as one critical factor determining the dynamics of droplet motion. This work presents the relationship between dynamics of electrowetting induced droplet motion and device physics including device structure, surface material and interface electronics, which helps to better understand electrowetting induced droplet motions and physics of digital microfluidics systems.
Introduction
As one of the most promising droplet-actuation technologies, electrowetting-on-dielectric (EWOD), is considered one of most promising tools to realize lab-on-a-chip (LOC) devices by building digital microfluidics platforms for chemical and biological detections. EWOD actuation is induced by the electrowetting phenomenon that wetting can be effectively controlled by an electric field [1] [2] [3] . The wetting is generally characterized by contact angle, and from its change the electrowetting force is born, as shown in Figure 1a ,b. Figure 1c indicates the driving force on a droplet generated by the surface tension on the contact line. The traditional scheme of EWOD implies a droplet lying on a metal substrate, covered by dielectric material and Teflon hydrophobic surface, and inserted with a metal line on the top, as shown in Figure 1b .
Recently, a rapid growth in EWOD-based microfluidic systems has been seen with many biological applications, such as DNA enrichment [4] and ligation [5] , enzyme assays [6] [7] [8] , cell-based assays [9] , polymerase chain reaction (PCR) [10] , and proteomics [11] [12] [13] [14] . At the same time, the fundamentals of electrowetting have remained not fully understood. Figure 1d represents the contact angle saturation phenomenon and pinning effect, and the explanations of them are very different and highly debatable [15] [16] [17] . The dynamic saturation phenomenon, that droplet velocity would be limited by a saturated value, is still imperfectly explained [18, 19] . The developed dynamic models, represented by Brochard's theoretical model, cannot predict the dynamic saturation phenomenon (Figure 2 ). In the present paper, a dynamic saturation model of droplets transported on a single-plate EWOD device, from the common-sense electrowetting theories, such as Lippmann equation and three-contact-line theory, is derived.
Additionally, the contact angle saturation is treated with a double-layer capacitance-based electric circuit to further understand the dynamic saturation phenomenon. 
Dynamic Saturation Model of Droplet Motion on the Open DMF Chip
The derivation of this model is based on the analysis of the kinetic equilibrium between driving force and damp effects, and droplet deformation, t, is taken into account. The influences of pining effect and errors caused by the droplet deformation, contact line length variation, and velocity measuring method have been carefully considered. The modeling process and details are presented in the supplement. Equation (1) presents the mathematical expression of the velocity of electrowetting droplet motion on the open digital microfluidics (DMF) chip.
where d is the thickness of the dielectric layer. εr and ε are the relative permittivity of the dielectric and the vacuum permittivity, respectively. The hysteresis effect [20, 21] in the EWOD surface should be taken into account, which is assumed to be a constant ∆f. l represents the effective contact line length, and R is the droplet radium. K1, Kc, and CV, respectively, stand for the factor induced by the droplet acceleration and deceleration process, the pinning effect in the triangle region, and the viscous damp from the area on the chip the droplet covers. This model indicates the relationship between droplet motion dynamics and the device physics including device structure properties (d, εr, and l), hydrophobic surface (γ, ∆f, and CV), and interface electronics (Kc). The consideration of these properties is presented in the supplementary information. Figure 3 shows the droplet velocity curve plotted based on the dynamic saturation model. Wherein, the black dots represent the reported experimental data from reference [19] . The validity of the dynamic model is limited to a certain value of the system parameters, which is influenced by the device properties. The mismatch at low voltages mainly comes from the difficulty of estimating the parameters of the DMF chip used in reference, especially ones related to the hydrophobic surface properties. [20] (plots). The red curve is induced by Equation (1) and its modification, taking the radium variation into account, is represented by the blue curve.
Compared with the conventional dynamic model of electrowetting droplet motion, Equation (1) represents a novel expression of the dynamic properties of droplets motion on DMF chips. It is clear that the role of 2 0 2 r V ε ε could be neglected when the applied voltage is high enough. Thus, the droplet velocity is independent from the voltage. In other words, the saturated velocity of the droplet is determined by the parameters of the DMF system, including the EWOD device and the droplet itself. Furthermore, it suggests the importance of designing the EWOD device and controlling the droplet carefully to obtain the optimized actuation effect.
Finally, the dynamic model developed in this paper provides one explanation of the dynamic saturation phenomenon. The basic view of this model can be summarized as the following. The electrowetting force increases with the applied voltage, and at the same time the damping force will get larger as a result of the enlargement of the wetted surface. Both of these inverse effects are generated by the electrowetting force; finally, the dynamic saturation occurs as a compromise between them.
Influence of Device Physics on the Dynamics of Droplet Motion
For a better understanding of the dynamic saturation model, the parameters in the model are discussed in the following. In the discussion, the role of the electrowetting number is redefined. The influence of structure parameters, such as dielectric thickness, permittivity and contact angle are presented in detail from the view of device physics. The hydrophobic surface properties and interface electronics in the triple line are also concluded. All the above discussions are based on Equation (1), neglecting the droplet radium variation for simplicity.
Electrowetting Number, M
The relationship between droplet velocity and the applied voltage is plotted in Figure 4 . For a better understanding, the dynamic process is divided into linear, transition, and saturation regions, according to the applicability of the traditional Lippmann static laws. Especially, the electrowetting number Figure 5a . When M is very small, the dynamic properties keep consistent with the Lippmann static laws. However, when M is great enough, the dynamic properties fit with the saturation region. The process between the linear and saturation is the transition region, where the saturation effect comes to influence the velocity curve. The relationship between the electrowetting number and the applied voltage is presented in Figure 5b . For thinner dielectric layers, M is larger with the same voltage and thus the electrowetting process is more effective. In this way, the sensitivity of M to applied voltage determines the EWOD actuation efficiency. 
Dielectric Thickness, t, Permittivity, ε, and Contact Line l
An EWOD device consisting of a dielectric layer of thinner thickness and high permittivity is preferred. The relationship between the droplet velocity and the dielectric thickness and permittivity are, respectively, presented in Figure 6a ,b. Obviously, the saturated velocity is independent of the dielectric characters in the saturation region. However, the advantages of thinner thickness and higher permittivity become attractive in the linear and transition regions. Both thinner thickness and higher permittivity contribute to lower threshold voltage and more effective actuation. The droplet actuation efficiency is defined by the value of dU/dV, i.e., the slope of the U-V curve. Many attempts to improve EWOD devices have concentrated on utilizing these features, and, at the same time, lower actuation voltages and better dynamics have been achieved [22] [23] [24] 23] . In addition, the Al2O3 film formed by atomic layer deposition (ALD) is dense, with little pinholes, and the surface is very flat and smooth, which are critical to avoid dielectric breakdown and enhance the dynamic performance of the EWOD device.
The connection part configuration of the two adjacent electrodes is of importance to the droplet dynamic properties on EWOD device. This factor is treated by using an average contact line length in the modeling (see Figure S2 in Supplementary Information). Meanwhile, the droplet velocity varies with its positions on the EWOD following a function determined by the adjacent electrodes connecting configure. This factor is critical in the EWOD device design, and many works have considered it carefully [24] [25] [26] . Figure 6 . Influence of (a) dielectric layer thickness and (b) relative permittivity on the velocity of the droplet according to Equation (1), with the parameters in Table S2 , as presented in the supplementary information.
Super-Hydrophobic Surface
As much attention focuses on the improvement of the hydrophobic surface, different materials with super-hydrophobic features have been utilized to replace traditional hydrophobic materials [27] [28] [29] [30] . For the purpose of droplet operations, the super-hydrophobic surface should satisfy the Cassie state, wherein the damp force and hysteresis effect are reduced dramatically. Experiments of super-hydrophobic materials have been presented to satisfy the condition for improved electrowetting applications [27, [31] [32] [33] . Therefore, the model of super-hydrophobic surface discussed here is only suitable for the Cassie case.
To adjust the analysis of these applications, the initial contact angle is treated to be variable in the modeling. Following the same modeling process, the relationship between initial contact angle θ0 and droplet velocity U is obtained:
where, ∆f is neglected due to the very low hysteresis effect of the super-hydrophobic surface.
The droplet velocity U, as a function of the initial contact angle from 120° to 180°, is plotted in Figure 7 . For the same applied voltage, the droplet velocity increases with larger initial contact angles, i.e., with more hydrophobic surfaces. Especially in the region from 150° to 165°, the droplet velocity changes violently with applied voltage. This region is "the most effective area", as Figure 7 shows, where a narrow voltage range can be used to achieve the same modulation of the droplet velocity. The different curves in Figure 7 converge to the same point, which indicates that the saturation droplet velocity is independent of the initial contact angle.
Figure 7.
Effect of a droplet's initial contact angle on velocity, according to Equation (2) . The initial contact angle is determined by the surface property of the EWOD device. The applied voltages, respectively, are 10, 20, 30, 50, 70, and 160 V from bottom to top. For the range from 150° to 165°, the velocity increases more rapidly with the applied voltage; therefore, this range is "the most effective area" to convert electric energy into droplet kinetic energy. When the applied voltage is greater than 160 V, the saturation velocity is independent with the initial contact angle.
Influence of Interface Electronics and Contact Angle Saturation Effect
The above works are carried out based on the dynamic equilibrium between electrowetting force and the damping force on the droplet. By taking into account the droplet deformation, a dynamic model of droplet motion on a single-plate EWOD device was induced, which fits well with the dynamic saturation phenomenon. Contact angle saturation is thought to be one cause of dynamic saturation, but it has not been considered during this modeling due to the difficulty of describing it mathematically. Many models or hypotheses have been proposed to explain the contact angle saturation, as reviewed by Mugele [34] , Chevalliot et al. [15] , Koopal [16] and Sedev [35] , as well as, more recently, by Chevalliot et al. [15] . These theories or hypotheses can be briefly summarized as dielectric breakdown, zero interfacial tension, contact line instability, gas ionization or insulating fluid charging, minimization of the electrostatic energy, and Tailor cone. At present, the formation of contact angle saturation remains unclear and it is difficult to describe it quantitatively. In reference [15] , it has been experimentally demonstrated that contact angle saturation is invariant with numerous variables, including dielectric thickness, interfacial tension, and the chemical properties of the droplet, such as pH, ion type/size, and solute/solvent interaction. Here, a trial is made to treat this well-known but not well-understood effect as one factor and discuss its influence on this model. A generalized Lippmann Equation was derived from the first principles as the following [36] :
where C is the capacitance of the Helmholtz double layer at the interface between droplet and EWOD substrate. S is the wetted solid area, and 2 S a = π . a is the radium of the wetted area. As discussed in reference [34] , the well-known Lippmann equation is a particular case of electrowetting when the radial derivative of the capacitance of the double layer is constant. This is similar to the situation where the Lippmann static law is applicable only when the applied voltage is low. This work has demonstrated that the contact angle of electrowetting depends on the gradient of capacitance of the double layer in the vicinity of the triple line, which is thought to be dependent on the distribution of the accumulated charges [16] , as shown in Figure 8a . For a better description of the capacitance distribution in the triple line, an equilibrium electric model is built, as shown in Figure 8b .
When the voltage is applied, the capacitances are charged. More charges will accumulate in the triple line area due to its spiky shape, resulting in a stronger capacitance in this location than other wetted areas [1] . The fact that the triple line is usually de-pinned in the electrowetting and EWOD actuation experiments is evidence of this [2] . By analyzing the electric model in Figure 8b , the effective voltage applied on the triple line is obtained:
With the applied voltage increasing, more charges accumulate in the triple line region. Furthermore, the value of C2 would get larger due to the fact that the double layer would get thinner. While the capacitance, C1, induced by the dielectric layer remains constant. Thus, the increase of effective voltage cannot keep pace with the applied voltage due to the decrease of the transfer coefficient. There should exist one point beyond which the effective voltage becomes independent of the applied voltage. At this time, the voltage working on the electrowetting system keeps constant. From Equation (5), the effective electric energy working on the triple line region varies in a similar way. As the applied voltage increases and the transfer coefficient decreases, the value of E would become invariable when the well-known contact angle saturation occurs. Meanwhile, the accumulated charges in the triple line region would probably enhance the pinning effect, which helps to increase the damp force on the droplet.
Contact angle saturation effect is another crucial cause of the dynamic saturation, as a limited electric energy effectively works on the triple line region. When the effective electric energy in the triple line region is limited, the electrowetting force will be limited, and the droplet deformation induced by the electric field will be suspended. Thus, it can be thought that the contact angle saturation accelerates the dynamic saturation in the transition region and, finally, ends the dynamic process by limiting the electrowetting force.
Conclusions
In summary, a dynamic saturation model of electrowetting droplet motion on the open DMF system is presented in this work. On the basis of the present analysis, the dynamic saturation phenomenon is primarily a consequence of dynamic equilibrium between driving force and damp effects, and the contact angle saturation effect. Among them, dynamic equilibrium forms the configuration of the velocity curve as a function of applied voltage. Meanwhile, contact angle saturation accelerates the saturation process by limiting the electrowetting force with a finite value, which confines the translation of the electronic energy to the mechanical energy of the droplet. The influence of device physics, including electrode formation, dielectric layer, hydrophobic surface and interface conditions, have been discussed based on this model, which fit well with reported methods to improve electrowetting induced droplet motions. Specifically, the saturated velocity is independent of the dielectric thickness, as well as the permittivity. Meanwhile, a dielectric layer of thinner thickness and higher permittivity contributes to more effective actuation and lower threshold voltage. The "most effective area" of initial contact angle using super-hydrophobic surface materials or structures helps to optimize the hydrophobic surface. This study helps to deeper understand electrowetting, and shows practical value for further optimizing EWOD devices.
